abstract Expression of gp91-phox in Chinese hamster ovary (CHO91) cells is correlated with the presence of a voltage-gated H ϩ conductance. As one component of NADPH oxidase in neutrophils, gp91-phox is responsible for catalyzing the production of superoxide (O 2 и Ϫ ). Suspensions of CHO91 cells exhibit arachidonate-activatable H ϩ fluxes (Henderson, L.M., G. Banting, and J.B. Chappell. 1995. J. Biol. Chem. 270:5909-5916) and we now characterize the electrical properties of the pathway. Voltage-gated currents were recorded from CHO91 cells using the whole-cell configuration of the patch-clamp technique under conditions designed to exclude a contribution from ions other than H ϩ . As in other voltage-gated proton currents (Byerly, L., R. Meech, and W. Moody. 1984. J. Physiol. 351:199-216; DeCoursey, T.E., and V.V. Cherny. 1993. Biophys. J. 65:1590-1598), a lowered external pH (pH o ) shifted activation to more positive voltages and caused the tail current reversal potential to shift in the manner predicted by the Nernst equation. The outward currents were also reversibly inhibited by 200 M zinc. Voltagegated currents were not present immediately upon perforating the cell membrane, but showed a progressive increase over the first 10-20 min of the recording period. This time course was consistent with a gradual shift in activation to more negative potentials as the pipette solution, pH 6.5, equilibrated with the cell contents (reported by Lucifer yellow included in the patch pipette). Use of the pH-sensitive dye 2 Ј 7 Ј bis-(2-carboxyethyl)-5(and 6) carboxyfluorescein (BCECF) suggested that the final intracellular pH (pH i ) was ‫ف‬ 6.9, as though pH i was largely determined by endogenous cellular regulation. Arachidonate (20 M) increased the amplitude of the currents by shifting activation to more negative voltages and by increasing the maximally available conductance. Changes in external Cl Ϫ concentration had no effect on either the time scale or the appearance of the currents. Examination of whole cell currents from cells expressing mutated versions of gp91-phox suggest that: (a) voltage as well as arachidonate sensitivity was retained by cells with only the NH 2 -terminal 230 amino acids, (b) histidine residues at positions 111, 115, and 119 on a putative membrane-spanning helical region of the protein contribute to H ϩ permeation, (c) histidine residues at positions 111 and 119 may contribute to voltage gating, (d) the histidine residue at position 115 is functionally important for H ϩ selectivity. Mechanisms of H ϩ permeation through gp91-phox include the possible protonation/deprotonation of His-115 as it is exposed alternatively to the interior and exterior faces of the cell membrane (see Starace, D.M., E. Stefani, and F. Bezanilla. 1997 . Neuron. 19:1319-1327) and the transfer of protons across an "H-X-X-X-H-X-X-X-H" motif lining a conducting pore. 
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show a marked H ϩ membrane flux in the presence of sodium arachidonate (Henderson et al., 1995) . A likely candidate for the H ϩ -selective pathway is the voltage-gated H ϩ conductance first described in giant molluscan neurons (Thomas and Meech, 1982) and subsequently reported in human neutrophils and other phagocytes including microglial cells and osteoclasts (DeCoursey and Cherny, 1993; Demaurex et al. , 1993; Kapus et al. , 1993; Eder et al. , 1995; Schrenzel et al., 1996) . Its expression in microglial cells, osteoclasts, and HL60 cells is associated with the differentiation and expression of NADPH oxidase. This correlation between NADPH oxidase expression and the presence of voltage-gated H ϩ currents suggests that gp91-phox may form a voltage-gated H ϩ pathway in phagocytic cells. Here we report a positive correlation between the expression of human gp91-phox and the presence of a voltage-gated H ϩ current in a CHO cell line studied using the whole cell configuration of the patch clamp technique. Studies of cells containing mutated versions of gp91-phox suggest that its voltage sensitivity resides in the NH 2 -terminal 230 amino acids and that histidine residues at positions 111, 115, and 119 on a putative membrane-spanning helical region of the protein contribute to H ϩ permeation.
M A T E R I A L S A N D M E T H O D S
Construction and Maintenance of CHO Cell Lines
The stable CHO cell line expressing the full-length gp91-phox (CHO91) was constructed and cultured as described previously (Henderson et al., 1995) . In brief, it was constructed by transfecting CHO-K12 cells with the full-length cDNA for gp91-phox , placed behind the inducible human metalothionein IIa promoter (Reaves and Banting, 1994; Henderson et al., 1995) . In the studies presented here, expression was induced by incubating cells in 10 M CdCl 2 for 24 h before assay.
Whole Cell Recordings in CHO Cell Lines
Cells were studied in the whole cell configuration under conditions designed to maximize the amplitude of H ϩ currents present (see Byerly et al., 1984) . The main aims were to exclude currents carried by ions other than H ϩ and to acidify the cell contents to shift activation of the H ϩ conductance towards experimentally accessible membrane potentials. The patch pipette filling solution contained 119 mM tetramethylammonium (TMA) hydroxide, to block potassium currents, a small quantity of calcium buffer (3.7 mM EGTA, 0.74 mM CaCl 2 ) and was adjusted to pH 6.5 with Mes so that its final concentration was ‫ف‬ 120 mM. Pipettes had a resistance of 2.5-4 M ⍀ and the seal resistance was in the order of 1-3 G ⍀ at the outset. Cells were bathed in a saline that contained 110 mM TMA methane-sulphonate, 2 mM Ca(OH) 2 , 2 mM Mg(OH) 2 , 5 mM glucose, and 100 mM pH buffer. The pH was adjusted to 8.0 or 7.5 with N -[2-hydroxyethyl]-piperazine-N Ј -[3-propane-sulphonic acid] (EPPS) or 7.0 with HEPES. Other recordings were made from cells bathed in 120 mM NaCl, 10 mM KCl, 1 mM MgCl 2 , 1 mM CaCl 2 , 50 mM HEPES, 1 mM NaH 2 PO 4 , 5 mM glucose, pH 8.0. Cells were superfused with up to seven different solutions using an in-house superfusion system (Langton, 1993) . Except where indicated, low amplitude prepulses in the linear currentvoltage range ( Ϫ 60 to Ϫ 100 mV) were scaled by PCLAMP 6 software (Axon Instruments) and used for online subtraction of linear capacitive and leakage currents (Armstrong and Bezanilla, 1974) .
Equilibration of Pipette Filling Solution with Cell Cytoplasm
To produce a transient 1-U change in the pH of cell cytoplasm, it is necessary to inject at least 10 mmol H ϩ /liter (Thomas, 1976; Meech and Thomas, 1980) ; to hold pH i at a steady level, it is necessary to overcome membrane-bound regulatory mechanisms as well as a complex system of endogenous fixed and mobile pH buffers. Here, CHO cells were studied in the whole cell configuration under conditions designed to exclude currents carried by ions other than H ϩ . The bathing solution was Na ϩ free and contained no added HCO 3 Ϫ so that known mechanisms of proton exchange in the plasma membrane should be inactive. Nevertheless, we were uncertain as to the effect on the cell cytoplasm of its coming into contact with a patch pipette filled with pH buffer. In experiments on squid axons, the intra-axonal pH was controlled by a perfusion solution containing 45 mM buffer (Wanke et al., 1979) , but much of the axoplasm had been removed by enzymatic digestion. In intact molluscan neurons dialyzed against the contents of a macropipette, buffer concentrations as high as 120 mM were inadequate to control pH i if the pipette diameter was less than one third of the cell diameter (Byerly and Moody, 1986) . In the work reported here, 25-m-diameter CHO cells were dialyzed against 2-m-diameter patch pipettes and it was necessary to establish the time course of the exchange between pipette and cell and the effect on pH i .
The time taken for the pipette filling solution to equilibrate with the cell cytoplasm was assessed using a confocal optical scanning microscope (MRC 600; Bio-Rad Laboratories). Because the microscope collects emitted fluorescent light only from within the plane of focus of the objective lens, it performs noninvasive optical sectioning (Shotton and White, 1989) . Patch pipettes were filled with the inert fluorescent dye, Lucifer yellow (500 M; Molecular Probes, Inc.), and seals formed to CHO91 cells mounted on the microscope stage. Images focused midway through the cell (excitation at 488 nm; Kalman average of three scans), were collected before perforation of the cell membrane and at 60-s intervals in the whole cell configuration. Images showing the fluorescence of the pipette contents were taken at the end of the experiment by adjusting the focal plane of the microscope. Average fluorescence intensities of regions of interest were obtained using COMOS software (Bio-Rad Laboratories).
Calibration of pH i
Confocal images were collected as above with the pH sensitive fluorescent probe, 2 Ј ,7 Ј -bis(2-carboxyethyl)-5(6)-carboxyfluorescein (BCECF; 50 M) in place of Lucifer yellow. Images of patch pipettes filled with 50 M BCECF dissolved in pH 6.1, 6.5, and 7.0 pipette solutions were used to calibrate the BCECF fluorescence intensity.
Expression and Cellular Localization of Mutated gp91-phox
NH 2 -terminal mutants of gp91-phox were constructed with three tandem copies of the hemagglutinin (HA) epitope on the COOH terminal of the protein (Henderson et al., 1997; Henderson, 1998) . CHO cell lines were cultured on glass coverslips and treated with 10 M Cd 2 ϩ 24 h before immunostaining to induce expression of the protein. The cells were fixed (4% formalde-hyde, 10 min) and permeabilized (0.2% Triton X-100) before staining with anti-HA epitope monoclonal antibody (1 h). Cells were incubated with FITC-labeled anti-mouse (1 h) and imaged on a confocal microscope.
R E S U L T S
In the work reported here, 25-m-diameter CHO cells were dialyzed against 2-m-diameter patch pipettes. In view of the difficulty in controlling pH i (see materials and methods ) preliminary experiments were designed to (a) establish the time course of the exchange between pipette and cell, and (b) determine the final level of pH i .
Control of Intracellular pH
The time course of the exchange between the contents of a small cell and the contents of a patch pipette in the whole cell configuration has been studied both experimentally (Pusch and Neher, 1988) and theoretically (Oliva et al., 1988; Mathias et al., 1990) . If the contents of both pipette and cell remain homogenous, exchange at the pipette tip is rate limiting. Other influential factors are the cell volume and the size of the diffusing molecule (see materials and methods). In Fig. 1 , a patch pipette filled with Lucifer yellow was used to record from a 25-m-diameter CHO91 cell in the whole cell configuration. Although the intensity of the cytoplasm was undetectable 60 s after perforation of the cell membrane, fluorescence increased rapidly over the first 10 min (Fig. 1 A) . Measurement of the average fluorescence within the boundary of the cell membrane showed an increase that followed an approximately exponential time course with a time constant of 150 s (Fig. 1 B) . This is consistent with the findings of Pusch and Neher (1988) , who found that molecules the size of Lucifer yellow ‫006ف(‬ D) should transfer though a 5-M⍀ patch pipette to the cytoplasm of a 25-m-diameter cell with a time constant of between 85 and 169 s. A comparison between the maximum intensity of the cell (mean 136, n ϭ 3) and the fluorescence of the pipette (mean 133, n ϭ 3) showed that the dye was evenly distributed between cell and pipette ( Fig. 1 C) . There was no change in cytoplasmic fluorescence intensity if the cell membrane remained intact (not shown).
To examine the time course of the change in pH i , we used patch pipettes filled with the pH indicator BCECF buffered with 120 mM pH buffer (Mes). The molecular weight of BCECF (520) is similar to Lucifer yellow, while Mes (213 D) is somewhat smaller and should equilibrate with the cell more rapidly than the dye. The emitted fluorescence intensity of BCECF decreases with decreasing pH and so the cytoplasm should register only a small overall increase in fluorescence if its pH followed that of the pipette solution (pH 6.2). Fig. 2, A and B, shows that the time course of the fluorescence increase was similar to that for Lucifer yellow, fluorescence reaching a maximum in 15-20 min. However, unlike Lucifer yellow, the fluorescence intensity of the cell and the pipette were not equal once the system had reached a steady state (Fig. 2 C) and remained different even after 60 min in the whole-cell configuration. The average fluorescence intensity of six cells (after 20 min in the whole cell configuration) was 163 U compared with 91 U for the pipette contents. Assuming that BCECF, like Lucifer yellow, was equally distributed between cell and pipette, and also that there was no interaction between BCECF and the cytoplasm, the inequality of fluorescence must arise from a difference in pH between the pipette solution and the cell contents. From the calibration curve (Fig. 2 D) , the average value for pH i was near 6.9. As this was significantly different to the pipette solution (buffered to pH 6.2), it seemed that pH i was largely determined by endogenous cellular regulation. Nevertheless, the level of acidification achieved by using pipettes filled with 120 mM pH buffer was sufficient for the purposes of the present experiments. In control cells loaded with BCECF, pH i at rest is estimated to be 7.2 (Henderson et al., 1995) .
Whole Cell Currents in CHO and CHO91 Cells
In previous experiments, suspensions of CHO91 cells have been used to demonstrate that gp91-phox functions as an H ϩ pathway when activated by sodium arachidonate (Henderson et al., 1995) . To determine whether the gp91-phox pathway was voltage gated, we recorded membrane currents from CHO91 cells using the whole cell configuration of the patch-clamp technique. There are low levels of arachidonate-activated H ϩ conduction in both untransfected CHO cells and transfected but uninduced (i.e., nonexpressing) CHO91 cells (Henderson et al., 1995) but, in keeping with the report by Cherny et al. (1996) , any voltagegated H ϩ currents present were within the noise level of our recordings. Fig. 3 A shows data from a typical untransfected CHO cell bathed in pH 8.0 saline, under conditions designed to exclude currents other than those carried by H ϩ . The cell was depolarized by a series of voltage commands, as shown in the protocol at top. In this and the four other untransfected cells tested, the whole-cell currents were all within the noise levels shown. Similar records were obtained for nonexpressing CHO91 cells under the same conditions (n ϭ 6). Fig. 3 B shows a typical example.
Under identical conditions, CHO91 cells expressing full-length gp91-phox generated large time-and voltagedependent currents. The outward currents were not recorded immediately upon going whole cell, but increased with time, reaching a maximum after 10-25 of CHO91-expressing cell collected before (image 1) and at 60-s (images 2-10), 2-min (images 11-15), and 5-min (images 16-18) intervals after onset of whole cell recording. Pipette solution: 500 M Lucifer yellow, 119 mM TMA hydroxide, 3.7 mM EGTA, 0.74 mM CaCl 2 adjusted to pH 6.5 with Mes so that its final concentration was ‫021ف‬ mM. External solution: 110 mM TMA methane-sulphonate, 2 mM Ca(OH) 2 , 2 mM Mg(OH) 2 , 5 mM glucose, 100 mM EPPS, pH 8. Holding potential, Ϫ60 mV; bath temperature, 21-23ЊC; cell diameter, 25 m. (B) Average florescence intensity of cell contents at different time intervals after perforation of the cell membrane. (C). Confocal images within the focal plane of the cell (top) and pipette (bottom). Average fluorescence intensity of cell, 136 U; average fluorescence intensity of pipette, 133 U. Images shown are at three different positions for both cell and pipette. A pseudo-color scale in which high intensity is denoted by red through orange, yellow, and green to blue, which corresponds to low fluorescence, is used to represent the fluorescence intensity in the images.
min. This is in good agreement with the time course of exchange between the cell and the patch pipette shown in Figs. 1 and 2 and suggests that the amplitude of the current was not just a property of the transfected cells, but depended on the degree of acidification of the cell cytoplasm. This was confirmed by experiments in which the pipette contents were buffered to pH 7.5 with EPPS buffer (not shown). In this case, there was no change in the whole cell current during a prolonged period of recording.
Small differences in the expression of gp91-phox may explain the observed variation in current amplitude, but there were also differences in time course. Fig. 3 C shows a cell in which the current steadily increases throughout each 800 ms command step, while in Fig. 6 A the currents rapidly achieve a steady level. In a population of cells with a steadily rising outward current, the mean amplitude after 800 ms at ϩ80 mV was 3.4 nA (n ϭ 9; SD 1.1 nA; range 1.7-4.6 nA); in a population of cells with steady outward currents the mean amplitude at ϩ80 mV was 4.2 nA (n ϭ 9; SD 2.1 nA; range 1.5-7.0 nA). Voltagegated proton currents in other cell types show similar steadily increasing currents, but at present only a tentative explanation can be put forward to account for them; it is possible that during prolonged depolarizing commands negatively charged buffer molecules contribute to the pipette current by leaving the cytoplasm. The resulting acidification at the membrane near the pipette tip will produce a progressive, local shift in activation towards more negative membrane potentials. The currents were sustained during command pulses of 2 s and showed no inactivation (not shown), which is another characteristic of voltage-gated proton currents.
Activation by Sodium Arachidonate
The H ϩ pathway associated with NADPH oxidase (Henderson and Chappell, 1992) , like that of gp91-phox (Henderson et al., 1995) and the voltage-gated H ϩ pathway in human neutrophils (DeCoursey and Cherny, 1993) , is activated by low levels of sodium arachidonate. Fig. 4 shows a similar effect on the voltage-gated currents observed in CHO91 cells. Currents elicited by control commands to 20, 40, and 100 mV are shown as solid lines (Fig. 4 A) , whereas those recorded during the application of 20 M sodium arachidonate are shown as data points. The scale on the right refers to the test data; the control currents having been increased to match. The scaling factors were 2 (20 mV), 1.24 (60 mV), and 1.4 (100 mV). Thus, although sodium arachidonate produced a significant increase in the amplitude of the voltage-gated currents, the time course of activation remained quite unaffected. The effect on current amplitude was rapidly reversible (not shown).
As shown in Fig. 4 B, sodium arachidonate appeared to shift the voltage dependence of activation towards more negative membrane potentials. The membrane conductance at the end of each command pulse was calculated assuming Ϫ55 mV for the equilibrium potential (see later for tail current reversal potential) and the maximum value normalized to 1. The Boltzmann curve (solid line) fitted to the data obtained in 20 M sodium arachidonate (Fig. 4 B, ᭹) has a slope factor of 20 mV with half-activation (V 1/2 ) at Ϫ2 mV. The control data (Fig. 4 B, ᭺) when normalized to the same maximum value were described by a second Boltzmann curve with the same slope factor and a V 1/2 of 21 mV. The maximum conductance in the control was 0.87ϫ that found in the presence of sodium arachidonate. It appears that the effect of arachidonate is both to increase the maximum conductance available and shift the activation curve to more negative values.
The shift of the activation curve to more negative voltages in the presence of arachidonate as shown in Fig. 4 B (see also DeCoursey and Cherny, 1993) should permit activation of proton currents at membrane voltages more negative than the H ϩ equilibrium potential (E H ) and make it possible to observe them flowing inward across the activated pathway. To test this, membrane currents were recorded in pH o 6.8 bathing solution before the equilibration of cytosol and pipette solution. Under these conditions, pH i would be higher than pH o . Currents in response to a series of depolarizing command pulses to Ϫ20 mV are shown in Fig. 4 C. A sustained inward current was recorded from the cell perfused with 20 M arachidonate that was not observed in its absence and was reversible upon its removal (n ϭ 3). As in suspensions of CHO91 cells (see Henderson and Chappell, 1992) , the direction of H ϩ flux through the NADPH oxidase-associated H ϩ pathway in the presence of arachidonate is either inward, if the pH o is less than the pH i , or outward, if the pH o is greater than the pH i .
Inhibition by Zn 2ϩ
As originally described in snail neurons, voltage-dependent H ϩ currents are inhibited in a readily reversible manner by 1 mM Cd 2ϩ , Zn 2ϩ , Ni 2ϩ , and other divalent ions (Thomas and Meech, 1982; Byerly and Suen, 1989; Mahaut-Smith, 1989) . In human neutrophils, low concentrations of Zn 2ϩ reversibly inhibit both the arachidonate-activated (Henderson et al., 1987 (Henderson et al., , 1988 ) and voltage-gated (100 M Zn 2ϩ ; DeCoursey and Cherny, 1993) H ϩ pathways. Zn 2ϩ also reversibly inhibited the gp91-phox-mediated pathway in CHO91 cells. Fig. 5 A shows the amplitude and time course of membrane currents before and after addition of 200 M Zn 2ϩ to the bathing solution. The outward current was significantly reduced in the presence of Zn 2ϩ and showed partial recovery when examined after washing. Fig. 5 B shows the time course of the effect. A series of depolarizing command pulses was used to monitor the outward current. At the point shown, the normal bathing solution was replaced by one containing 200 M Zn 2ϩ . The pronounced inhibition of the large time-and voltage-dependent outward current recovered rapidly once the perfusion solution was returned to the Zn 2ϩ -free control solution. 
Outward Current at Different External pH
Studies on preparations as different as snail neurons and human neutrophils have shown that the voltage dependence of the H ϩ conductance is shifted to more negative potentials by low pH i and high pH o (Byerly et al., 1984; DeCoursey and Cherny, 1996) . The amplitude of the time-and voltage-dependent currents recorded from CHO91 cells also depended on the pH of both the bathing and pipette solutions. At pH o 8.0, there was a significant outward current with depolarizing commands to values as negative as Ϫ20 mV (see Figs. 3 and 4) , while at pH o 7.0 time-dependent currents were generally absent at commands below 0 mV.
Reversal Potential of the Tail Currents
In Figs. 3 and 4 , the time-dependent outward currents were rapidly deactivated after each command step, and this was seen as an outward "tail" when the cell was repolarized to Ϫ40 mV. To establish whether H ϩ was the charge-carrying species, tail currents were measured in different external solutions and their reversal potential was determined. For this series of experiments, the pipette solution was buffered to pH 6.5. For Fig. 6 A, pH o was set to 8.0 and the cell was depolarized to 0 mV to activate the outward conductance. Repolarization to Ϫ100 and Ϫ80 mV resulted in a marked inward tail current, but with the potential at Ϫ60 mV the current was clearly outward. When repolarized to -40 mV, some deactivation was evident, but there was also a small maintained outward current (as predicted by the activation curve, Fig. 4 B) . Note that measurements at potentials more positive than approximately Ϫ40 mV were precluded because of the voltage activation range of the pathway. The decline in tail current measured over 200 ms was plotted against potential in Fig. 6 D (ᮀ) . . Fluorescence intensity of BCECF calibrated by acquiring images of patch pipettes filled with 50 M BCECF buffered to pH 6.1, 6.5, and 7.0. Abscissa, pH of pipette solution; ordinate, average pipette fluorescence intensity. A pseudo-color scale in which high intensity is denoted by red through orange, yellow, and green to blue, which corresponds to low fluorescence, is used to represent the fluorescence intensity in the images.
When trials were repeated with cells bathed in pH 7.5 saline, inward tail currents were observed not only at Ϫ100 and Ϫ80 mV, but also at Ϫ60 and Ϫ40 mV, and so it was clear that the reversal potential had moved in the positive direction (see Fig. 6 B) . As before, the decline in tail current was measured over 200 ms and plotted against potential in Fig. 6 D (᭺) . CHO91 cells in pH 7.0 buffered saline generally had a high leakage conductance after 30 min recording and their time-dependent currents were small so that it was necessary to depolarize the cell to 120 mV for significant outward current. Activation was markedly slower in this solution. The decline in tail current amplitude was measured as before and plotted as in Fig. 6 D (᭝) . In both pH 7.5 and 7 solutions, it was not possible to generate outward tail currents because of the voltage-activation range of the pathway. A large decrease in the rate of activation with acidification of the external medium has been reported previously (see Figure 5 B3 in Byerly et al., 1984) .
In Fig. 6 D, the lines through the data were drawn according to a constant field equation (Goldman, 1943; Hodgkin and Katz, 1949) with pH i taken as 6.9. The H ϩ permeability was chosen to fit the pH o 8 data; with the figure; commands in the range Ϫ40 to 140 mV in 20-mV intervals. Pipette solution: 119 mM TMA hydroxide, 3.7 mM EGTA, 0.74 mM CaCl 2 adjusted to pH 6.5 with Mes so that its final concentration was ‫021ف‬ mM. External solution: 110 mM TMA methane-sulphonate, 2 mM Ca(OH) 2 , 2 mM Mg(OH) 2 , 5 mM glucose, 100 mM EPPS, pH 8. Holding potential, Ϫ60 mV; bath temperature, 21ЊC. (A) Untransfected CHO cell, (B) uninduced (i.e., nonexpressing) CHO91 cell, (C) gp91-phox-expressing CHO91 cell. pH o 7.5 and 7 data scaled up by factors of 3.5 and 7.5. Filled symbols represent data from other cells in the same external solutions: pH 8.0 (), scaling factor, 1; pH 7.5 (᭹), scaling factor, 3.5; pH 7.0 (᭡), scaling factor, 11. The reversal potential in each solution was estimated by 778 gp91-phox Is Neutrophil Voltage-gated H ϩ Conductance simple extrapolation and in pH o 8 solution its mean Ϯ SD was Ϫ55 Ϯ 6 mV (n ϭ 18). In pH o 7.5 solution, the average reversal potential was Ϫ20 Ϯ 3 mV (n ϭ 9) and, in pH o 7 solution, it was 1 Ϯ 5 mV (n ϭ 6). The good correspondence between this data and the 58 mV change/ pH unit predicted by the Nernst equation confirms that H ϩ (or an H ϩ equivalent) is the probable conducting species. Chloride ions are unlikely to make a contribution because neither the amplitude of the outward current nor the tail current reversal potential was affected by bathing solutions containing different concentrations of chloride (0, 1, 2, 4, and 120 mM; not shown). However the Goldman-Hodgkin-Katz equation predicts larger inward currents as the pH of the bathing solution is made progressively more acid. In practice, because of the shift in the activation curve, the currents were significantly Figure 4 . Effect of 20 M sodium arachidonate. (A) Superimposed outward currents elicited by command pulses to ϩ20, ϩ60, ϩ100 mV before (solid lines) and in the presence of (data points) 20 M sodium arachidonate; other solution constituents as for Fig. 3 . Scale bar refers to the test data; the control currents having been scaled up. The scaling factors were 2 (20 mV), 1.24 (60 mV), and 1.4 (100 mV). Command pulses in 20-s intervals. Holding potential, Ϫ60 mV; potential during tail current, Ϫ40 mV. (B) Voltage dependence of activation of the outward current. Abscissa, command potential; ordinate, normalized membrane conductance at end of 750-ms command pulse before (᭺) and in presence of (᭹) sodium arachidonate. Tail current reversal potential taken as Ϫ55 mV. The lines fitted to the experimental results were calculated from the equation:
where G H,max is the maximum chord conductance and V 1/2 is the potential at which G H is 0.5 G H,max . For sodium arachidonate, V 1/2 , Ϫ2 mV; G H,max , normalized to 1. For control, V 1/2 , 21 mV; G H,max , 0.83. (C) Inward current elicited from CHO91 cells by a series of command pulses to Ϫ20 mV in a bath solution of 110 mM TMA methane-sulphonate, 2 mM Ca(OH) 2 , 2 mM Mg(OH) 2 , 5 mM glucose, 100 mM HEPES, pH 6.8, recorded before (I), in the presence of 20 M arachidonate (II), and after arachidonate (III). Currents were recorded immediately upon obtaining whole cell configuration, before equilibration of cytosol and pipette solution so that pH i was higher than pH o . Holding potential, Ϫ60 mV; command pulses in 5-s intervals; bath temperature, 21-23ЊC. smaller in acid bathing solution and increasing degrees of scaling were necessary to fit the data.
Whole Cell Currents in Mutated gp91-phox
A number of CHO cell lines have been constructed that express mutated forms of gp91-phox (Henderson et al., 1997; Henderson, 1998) . Suspensions of the cell line CHO-N, which expresses only the NH 2 -terminal 230 amino acids, exhibit a fully functioning arachidonateactivated H ϩ flux, but this flux is absent in CHON3Leu, a cell line that express the same NH 2 -terminal region with leucine in place of the three histidine residues in positions 111, 115, and 119. The flux is also greatly reduced in cells with a single histidine residue, 115, mutated to leucine (cell line CHO-NLeu; Henderson, 1998) . Examination of whole-cell currents from cells containing the mutated versions of gp91-phox suggests that voltage as well as arachidonate sensitivity is retained by cells with only the NH 2 -terminal amino acids. Furthermore, the three histidine residues, 111, 115, and 119, are functionally important for H ϩ permeation.
The whole-cell current traces in Fig. 7 A show that in transfected but not induced CHO-N cells, as in CHO91 cells under similar conditions, any voltage-gated current present is concealed within the noise level of the recording. Fig. 7 A shows data (typical of six observations) from a single cell bathed in pH 8.0 saline and depolarized by a series of voltage commands (see inset at top of figure) . CHO-N cells induced to express the NH 2 terminus, generated large time-and voltage-dependent currents (Fig. 7 B) in response to depolarizing voltage commands in the range 0 to ϩ120 mV. Just as for CHO91 cells, the outward currents were not recorded immediately upon going whole cell, but increased progressively over a 10-25-min period (n ϭ 10). The mean current amplitude at the end of a 400-ms command to ϩ80 mV was 2.3 nA (Ϯ0.53 nA; n ϭ 9).
Outward currents from CHO-NLeu-expressing cells, like those from CHO-N cells, became activated by depolarizing commands to potentials in the range 0 to ϩ120 mV, but they were of a reduced amplitude and slower rise time (Fig. 7 C) . In these cells, the mean current amplitude at the end of a 400-ms command to ϩ80 mV was 0.61 nA (Ϯ0.4 nA; n ϭ 6).
In CHO-N3Leu-expressing cells, the outward currents had an even lower amplitude (see Fig. 7 D, which shows a cell with the largest outward currents) in part because activation was shifted to more positive voltages; in most cases, little or no current was observed at potentials more negative than ϩ80 mV. At this voltage, the mean current amplitude at the end of a 400-ms command was Ͻ0.01 nA (n ϭ 6); at ϩ140 mV, the mean current was ‫3.0ف‬ nA.
The tail currents recorded at Ϫ40 mV from both CHO-NLeu and CHO-N3Leu cells, in pH 8.0 bathing solution, were inwardly directed, unlike those recorded from CHO- (Fig. 6) and CHO-N-expressing (Fig. 7 B) cells, which were outward. In CHO-N3 cells, the mean reversal potential was 23 mV (Ϯ9 mV; n ϭ 3). This apparent shift in tail reversal potential suggests an alteration in the selectivity of the conducting pathway when histidine 115 was replaced by leucine.
From the fluorescence intensity of immunostained cells, we were able to compare levels of expression in different mutated forms of gp91-phox. The cDNA constructs have three tandem repeats of the hemagglutinin epitope attached to their COOH-terminal ends. In Fig. 8 nin antibody gave an annular pattern of fluorescence that was not observed in uninduced cells (C and F) . This pattern of staining implies that the antigen is not only expressed, but that it is located at or in the plasma membrane and it is similar to that already observed in CHO cells expressing full-length gp91-phox (Henderson et al., 1995) . The levels of staining do not differ greatly; expression in CHO-N3Leu being slightly greater than that in CHO-N.
D I S C U S S I O N
Voltage-gated H ϩ Conductance
In this paper, we conclude that gp91-phox, the product of the X-linked CGD gene and component of the phagocytic NADPH oxidase, functions as a voltage-dependent H ϩ conductance. Transfected CHO cells expressing gp91-phox exhibit large time-and voltage-dependent Figure 6 . Effect of external pH on tail current amplitude and reversal potential. Depolarizing commands having elicited an outward current, the membrane was repolarized, and time-dependent tail currents were recorded. Current records from three different cells are shown in A-C. Capacitive transients (which lasted 1-2 ms) were blanked from each record. Pipette solutions as for Fig. 3 . (A) External bathing solution was set at pH 8.0. Depolarizing command, 0 mV. During successive trials, the repolarizing command was in the range Ϫ40 to Ϫ100 mV. Currents are shown superimposed; average of four trials; holding potential Ϫ60 mV. (B) External bathing solution was set at pH 7.5. Depolarizing command, 80 mV; membrane repolarized in the range Ϫ40 to Ϫ100 mV. Superimposed traces from single trial; holding potential Ϫ60 mV. (C) External bathing solution was set at pH 7.0. Depolarizing command, 120 mV; membrane repolarized in the range 0 to Ϫ60 mV. Superimposed traces are an average of three trials; holding potential Ϫ60 mV. (D) Abscissa, membrane potential during repolarizing command; ordinate, tail current amplitude measured between the end of the capacitive transient (1-2 ms) and a steady level 200 ms later; bath solutions, pH 8.0 (ᮀ), 7.5 (᭺) and 7.0 (᭝). Lines through data were drawn according to a constant field equation (Goldman, 1943; Hodgkin and Katz, 1949) with pH i taken as 6.9. H ϩ permeability chosen to fit pH o 8 data; pH o 7.5 and 7 data scaled up by factors of 3.5 and 7.5. Filled symbols represent data from other cells in the same external solutions: pH 8.0 (), scaling factor, 1; pH 7.5 (᭹), scaling factor, 3.5; pH 7.0 (᭡), scaling factor, 11. Bath temperature 21-23ЊC.
outward currents not present in untransfected or nonexpressing cells (see Fig. 3 ). The currents were observed under conditions that minimized a contribution from the smaller ions normally present in physiological saline. The main cation present both internally and externally was tetramethylammonium ion, while the main anion was methane-sulphonate. The tail current that followed a depolarizing command had a reversal potential that depended on the pH gradient across the cell membrane, changing by ‫85ف‬ mV for a unit change in pH o . Consequently, the charge carrier for these outward currents is likely to be either H ϩ or an H ϩ equivalent.
Voltage-gated H ϩ conductances have been studied in a wide range of different tissues and animal species that include molluscan neurons, amphibian eggs, human neutrophils, and other phagocytic cells (for reviews, see Lukas et al., 1993; DeCoursey and Cherny, 1994) . Their properties have been found to be remarkably consistent: the voltage dependence is shifted by both pH i and pH o (Byerly et al., 1984) , they are inhibited by low levels of divalent ions (Thomas and Meech, 1982) with a special sensitivity to Zn 2ϩ (Byerly and Suen, 1989; MahautSmith, 1989) , and in some cases they are amplified by arachidonate. The inhibition of the gp91-phox-associated voltage-gated current by Zn 2ϩ and its augmentation by arachidonate suggests that it flows through the NADPH oxidase-associated H ϩ pathway previously studied in cell suspensions by Henderson et al. (1995) .
Comparison with Human Neutrophils
The voltage-gated H ϩ conductance described by DeCoursey and Cherny (1993) in human neutrophils closely resembles that found in other cells: its voltage de- 
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pendence is shifted to more positive potentials by external H ϩ and it is inhibited by external Cd 2ϩ or Zn 2ϩ ; however, its activation kinetics are significantly slower than those described in molluscan neurons (Byerly et al., 1984) or in Ambystoma oocytes (Barish and Baud, 1984) . In neutrophils (and macrophages, see Kapus et al., 1994) , the currents are amplified by arachidonic acid, but it is not known whether this property is characteristic of the class of voltage-gated proton conductances.
Although we would expect the gp91-phox-associated H ϩ conductance to have properties broadly similar to those found in vivo in neutrophils, the CGD gene product that we are using is one subunit of the oxidase complex, which normally has four or five protein components. Consequently, even if these other subunits do not directly contribute to the proton pathway, we would expect the environment of the expressed product in CHO cells to be significantly different from that in the natural state. This may account for their activation kinetics, which is the most marked difference between the gp91-phox-associated currents and the proton currents recorded from neutrophils (DeCoursey and Cherny, 1993) . In neutrophils at room temperature, the outward current continued to rise even with commands that lasted 3-4 s, and there was no initial rapid phase as found here. However, the neutrophil pathway has a higher temperature sensitivity than most ion channels (DeCoursey and Cherny, 1998) , and this may also be reflected in a sensitivity to its membrane environment. Fig. 4 shows that the voltage dependence of the gp91-phox-associated H ϩ conductance could be described by a Boltzmann distribution with a slope factor of 20 mV. The effect of 20 M sodium arachidonate was to shift the voltage dependence of the conductance by 19 mV to more negative potentials and also to increase (1.2ϫ) the maximum H ϩ conductance available. Both effects took place without appreciably changing the slope of the voltage relationship. In neutrophils, 50 M sodium arachidonate has a comparable effect, although here a change in the slope factor from 14.7 to 7.5 mV was reported. The activation curve shifts by 14-23 mV and there is an approximately threefold increase in the maximum conductance (DeCoursey and Cherny, 1993) .
Arachidonic Acid Sensitivity
Under normal experimental conditions, the relative positions of the activation curve and the position of the tail current reversal potential (equivalent to the H ϩ equilibrium potential, E H ) means that a maintained inward proton current is impossible to record. The large shift in the voltage dependence of activation produced by arachidonate, which is seen in both neutrophils and transfected CHO cells, means that the pathway may be activated even when the membrane is more negative than the E H (see Fig. 4 C) .
The effect of arachidonate on the gp91-phox current differs somewhat from its effect in peritoneal macrophages, however. In macrophages, arachidonate not only shifts the activation curve to more negative membrane potentials and increases the maximum conductance, but also accelerates the rate of rise of the outward current (Kapus et al., 1994) . This effect would not be evident at the most positive membrane potentials shown in Fig. 4 A because activation is close to maximum in this range, but even at ϩ20 mV there appears to be little or no effect. It is possible that any change in kinetics is concealed by whatever process is responsible for the progressive increase in outward current that is seen in some cells.
Zn 2ϩ Sensitivity
The inhibition by Zn 2ϩ of the H ϩ conductance in neutrophils occurs in the same concentration range as we report here for the gp91-phox-associated conductance (see Fig. 5 ). In electrophysiological experiments on single cells, almost full inhibition is reported at ‫001ف‬ M (DeCoursey and Cherny, 1993) , although in experiments on cell suspensions slightly higher concentrations (1 mM) were required (Henderson et al., 1988a,b) . 
Voltage Dependence of Activation
In Fig. 3 , the data are fitted by a Boltzmann function with a 20-mV slope factor and half-activation voltage under control conditions (pH o 8, pH i 6.9) of ‫12ف‬ mV. In human neutrophils, DeCoursey and Cherny (1993) used slope factors of ‫51ف‬ mV to fit their control data and halfactivation values of ‫06ف‬ mV (pH o 7, pH i 6). The more positive value found in the neutrophil may be attributed to the effect of the more acid pH o because, in a similar pH o 7 solution, the gp91-phox-associated conductance showed little activation at 0 mV. It was difficult to obtain a full activation curve under such conditions because the maximum appeared to occur at potentials greater than ‫021ف‬ mV, at which level the seal between patch pipette and cell membrane often became unstable.
Voltage-dependent Conductance of Mutated gp91-phox
The 230 NH 2 -terminal amino acids of gp91-phox when expressed in CHO cells exhibit an arachidonate-activated H ϩ flux that is significantly reduced when leucine is used to replace the histidine residue in position 115 (cell line CHO-NLeu; Henderson, 1998) . The flux is abolished when the three histidine residues in positions 111, 115, and 119 are changed to leucine (cell line CHO-N3Leu; Henderson, 1998) . All three residues are in a putative membrane-spanning region of the molecule. The outward current recorded from the CHO-NLeu expressing cells at pH o 8.0, (Fig. 7 C) dem-onstrates a reduced current amplitude, slower activation time, and a shifted tail current reversal potential when compared with currents from expressing CHO91 or CHO-N cells. The precise role that histidine-115 plays in H ϩ conduction is not clear, but the change in tail current reversal potential suggests that the mutated pathway is less selective for H ϩ , as if the presence of this protonated site within the pathway is essential to maintain its selectivity for protons.
The alteration in properties of the outward currents observed in CHO-N3Leu-expressing cells suggest that the histidine residues on either side of histidine-115 also contribute to H ϩ permeation. If, as the shift in the voltage dependence of activation suggests, one or the other histidine contributes to the voltage sensitivity of the proton conductance, the large shifts in the activation curve with changes in either pH o or pH i become understandable. An alkaline shift in the pH of the intracellular fluid would have the effect of reducing the charge on any histidine residue to which there is access. The observed positive shift in the activation curve corresponds to the effect of substituting the uncharged leucine for the charged histidine. Yet to be explained is the effect of changes in external pH, which is in the opposite direction.
Function of gp91-phox
Neutrophils provide the first cellular immune response of the body to invading micro-organisms. They are attracted to a site of infection where they engulf antibodycoated bacteria, killing and digesting them. That the generation of superoxide by the NADPH oxidase is a major contributor to the process is evident from the susceptibility to infection demonstrated by CGD patients. In vivo, gp91-phox probably functions as a charge compensator for the electron efflux generated upon production of superoxide. It also prevents a large and rapid fall in pH i caused by the coincident release of H ϩ internally.
NADPH oxidase activity is stimulated by a number of physiological and nonphysiological stimuli such as phorbol esters, unsaturated fatty acids (such as arachidonic acid), and formyl-Met-Leu-Phe. Thus, the large pH gradients and positive voltages used experimentally here were necessary to activate a significant H ϩ current only in the absence of arachidonate. After the oxidase is activated in vivo, an outwardly directed electron flux, measured by Schrenzel et al. (1998) will produce a rapid depolarization of the membrane. Estimates, based on dye partition, which may be inaccurate, suggest that the membrane potential of activated neutrophils is approximately Ϫ10 mV (Henderson et al., 1987) . This, together with the appearance of H ϩ at the internal surface of the membrane and the interaction with arachidonate combine to activate the H ϩ pathway so that H ϩ becomes passively distributed across the cell membrane with pH i close to its resting value.
Structure of gp91-phox
This is the first voltage-gated H ϩ conductance to be described at the protein level. The amino acid sequence for gp91-phox is unlike any other protein (Henderson, 1998) , but its hydropathy plot suggests that there may be multiple (four or six) transmembrane domains at the NH 2 terminus of the protein. There is also a large hydrophilic domain that, as it contains the predicted FAD and NADPH binding sites, is assumed to be on the cytosolic side of the plasma membrane. Within one putative transmembrane domain there is a sequence of three histidine residues (positions 111, 115, and 119) in an "H-X-X-X-H-X-X-X-H" motif that appear to play an essential role in H ϩ conduction.
Stationary noise analysis of the voltage-gated H ϩ current in cultured human muscle suggests that the elementary conductance is Ͻ0.1 pS (Bernheim et al., 1993 ). An even lower value has been reported for human neutrophils (DeCoursey and Cherny, 1993) . In molluscan neurons, the estimated unitary proton current at ϩ10 mV is Ͻ0.004 pA (Byerly and Suen, 1989) . We can derive an estimate of the number of NADPH oxidase molecules (and therefore the number of gp91-phox) in each neutrophil cell from the concentration of cytochrome b 558 present in cell suspensions. As there are ‫5ف‬ pmol heam/10 5 cells and each molecule probably has two heam moieties, there must be ‫01ف‬ 6 molecules/ cell. Of these, ‫%02ف‬ are in the cell membrane. Assuming that the single channel H ϩ current for a 100-mV driving force is Ͻ1 fA at pH 6 (see DeCoursey and Cherny, 1994) , whole cell currents of less than ‫2.0ف‬ nA are to be expected for neutrophils, which is of the order observed experimentally. Unfortunately, CHO cells do not exhibit the characteristic cytochrome b 558 spectrum, and so we were unable to carry out the same analysis on them.
Such low conductances follow naturally from the low H ϩ concentrations on either side of the cell membrane and are consistent with the pathway being either a continuous channel across the cell membrane or a carrier site becoming exposed to first one and then the other membrane surface. In the latter case, it is possible that the mechanism of H ϩ flux through gp91-phox may involve a cycle of protonation/deprotonation with histidine-115 being exposed alternately to the interior and exterior faces of the cell membrane, as described by Starace et al. (1997) for the S4 segment of a histidinecontaining mutant of the Shaker K ϩ channel. Among other alternatives, the H-X-X-X-H-X-X-X-H motif may line a continuous channel pore so that protons "hop" along the membrane-spanning helix. The role of Zn 2ϩ in inhibiting the H ϩ conductance is under investigation because, in proteins that bind zinc, the Zn 2ϩ is held by residues in an H-X-X-X-H-X-X-X-H motif. The extent to which this motif occurs in the structure of other proton pathways has yet to be established.
